Lipidomics, which focuses on the global study of molecular lipids in biological systems, could provide valuable insights about disease mechanisms. In this study, we present a nontargeted lipidomics strategy to determine cellular lipid alterations after scoparone exposure in primary hepatocytes. Lipid metabolic profiles were analyzed by high-performance liquid chromatography coupled with time-offlight mass spectrometry, and a novel imaging TransOmics tool has been developed for the analysis of high-resolution MS data, including the data pretreatment, visualization, automated identification, deconvolution and quantification of lipid species. Chemometric and statistical analyses of the obtained lipid fingerprints revealed the global lipidomic alterations and tested the therapeutic effects of scoparone. Identification of ten proposed lipids contributed to the better understanding of the effects of scoparone on lipid metabolism in hepatocytes. The most striking finding was that scoparone caused comprehensive lipid changes, as represented by significant changes of the identificated lipids. The levels of identified PG(19:1(9Z)/14:0), PE(17:1(9Z)/0:0), PE(19:1(9Z)/0:0) were found to be upregulated in ethanol-induced group, whereas the levels in scoparone group were downregulated. Lipid metabolism in primary hepatocytes was changed significantly by scoparone treatment. We believe that this novel approach could substantially broaden the applications of high mass resolution mass spectrometry for cellular lipidomics.
1
. Numerous studies have demonstrated that disruption of lipid metabolism is associated with the onset and progression of many human diseases 2, 3 . Identification and quantification of lipids could be of great interest to obtain in-depth knowledge of lipids function in the development of diseases. Lipidomics provides insights into the specific roles of lipid molecular species 4 . An effective lipidomics workflow is shotgun lipidomics, would ultimately produce a comprehensive dataset of MS and MS/MS spectra, providing capabilities for rapid and sensitive monitoring of the molecular compositions and abundances of lipids 5 . High-performance liquid chromatography coupled with time-of-flight mass spectrometry substantially broadened the analytical range, enabling the identification of isotope incorporation into intact lipids by MS/MS 6 . A major benefit of this technology is that hundreds of lipids can be directly identified and accurately quantified from total lipid extracts in a relatively short analysis time.
Alcohol abuse and alcoholism lead to alcoholic liver disease (ALD) that is one of the most important public health problems worldwide. ALD is a multifaceted disease that is characterized by a broad spectrum of liver injury 6 . Additionally, it increases the economic burden on society 7 . The liver is the main organ responsible for ethanol metabolism and therefore particularly prone to ethanol toxicity. Ethanol metabolism leads to alterations in the hepatic metabolism of lipids that subsequently produce a wide spectrum of hepatic injury 8 . Although greater efforts have been spent on the understanding of the mechanism, however, the cellular molecular lipid details for the metabolic functions in the ethanol-injured hepatic injury are not yet completely understood. Currently, there are three medications for the treatment of alcohol abuse and dependence that have been approved by the US FDA: disulfiram, naltrexone and acamprosate 9 . However, they have some side effects including gastrointestinal problems 10 . Many natural products, which have fewer side effects, have preventive and therapeutic effects for ethanol intoxication.
Scoparone (Fig. S1 ), a plant-derived coumarin, has antioxidative and hepatoprotective effects 11 . It was absorbed into the blood circulation within a few minutes, and the time to peak was at ~1 h after oral administration 12 . We previously reported that scoparone could protect the liver from ethanol-mediated hepatotoxicity and carbon tetrachloride-induced liver damage in experimental rats 13, 14 . However, limited information is available regarding the changes in "global" lipid metabolism profiles of the hepatoprotective effects of scoparone.
Here we firstly present a nontargeted lipidomics strategy to determine intracellular lipid alterations of scoparone against ethanol-induced cells. Lipids were extracted from exposed cells and analyzed by Ultra Performance Liquid Chromatography (UPLC)-Time of flight (TOF)-MS in full scan mode, together with imaging supported by TransOmics tool. The novel strategy presented here has the potential to open new detailed insights into the lipid metabolism that may lead to a better understanding of physiological mechanisms and metabolic perturbations, and has the potential to impact on drug discovery and development.
Results
Lipid analyses by UPLC-MS. Lipids fraction were analyzed by LC-MS that performed the best profile in terms of peaks, symmetry, and resolution in reversed-phase fashion. To ensure repeatability of the analysis, the QC samples were randomly inserted among the real sample queue to be analyzed. Taking the results obtained from the cellular samples, RSD (relative standard derivations) of retention time and peak area was less than 0.96%, and 4.02%, respectively (Table S1 ). All the results indicated that the constructed method was robust with good repeatability and stability. Typical base peak ion (BPI) chromatograms of the cellular samples on UPLC-MS are shown in Fig. 1A and Fig. S2A . The alignment algorithm will generate 'compound ions' in the 2D ion intensity map, which consisted of approximately 5120 ion peaks ( Lipid metabolic profiling analysis. In order to identify the molecular species of lipids from cells, the UPLC-MS was applied along with "untargeted" (discovery profiling) approaches for lipidomics research. Raw data from UPLC-MS were analyzed by the TransOmics and then imported into EZinfo 2.0 software for multivariate data analysis. PCA scores plot showed clear separation between the control group and model group in both positive ion mode ( Fig. 2A ) and negative ion mode (Fig. 3A) . This result suggested that cells displayed distinct biochemical perturbation characteristics under ethanol treatment. To see whether the differentially expressed lipids were accountable for the separation between control group and model group, a more sophisticated PLS-DA (Table S2) which are linked to ethanol-induced primary hepatocytes were identified in intracellular lipidome.
Identification and visualization of lipids. Lipid Map database was employed to carry out a tentative
identification of the marker ions using their accurate mass measured by Q-TOF platform. From a total of 10 differential signals were tentatively identified. As shown in Table S2 , mass error (ppm) obtained in the lipids identification, exceeded the 5 ppm found from the reference compound. In tandem mass spectrometric analyses, we could observe the fragment ions relating to their polar heads, adduct ions, and fatty acids. Among the total features significantly different in lipidome, the ion at m/z 596.5969 was taken as example for molecular confirmation by MS/MS fragmentation analysis. We performed MS/MS analysis on this lipid and, as shown in Fig. 4A , the fragments of the lipid are in agreement with the molecular structure of cer(d18:0/20:0) (Fig. 4B ). This lipid eluted at 6.44 min and resulted in overexpressed intracellular lipidome as shown in Fig. 4C where the chromatographic peak and the relative intensity of the signal in control and model samples are reported in Fig. 4D . The selected exact mass for the lipids identification were detected using UPLC-MS (Fig. S3 ).
Metabolic changes after scoparone exposure in cells. The pure standard of scoparone was tested on cells to study their cytotoxicity. Scoparone at 1.8 μ g/mL exhibited none cytotoxic activity almost comparable to the control group (Fig. S3A) . To determine the protective effects of scoparone, we studied the viability of primary hepatocytes that were treated with 1.8 μ g/mL scoparone for 24 h and cultured under ethanol condition. We showed that treatment with scoparone effectively prevented the loss of cell viability induced by ethanol (Fig. S3B) . From the PCA score plots (Fig. 5A,B ) of cellular data, it can be seen that ethanol induced metabolic perturbations in primary hepatocytes. A definitive clustering among the control and scoparone samples can be seen. It possesses more variation from the scoparone treatment as compared to the ethanol and due to the fact that the metabolic changes upon cells exposure to scoparone. Interestingly, the abundances for most lipids were found to be regulated for treatment with scoparone ( (Fig. 6 ).
Discussion
Lipids, the fundamental components of biological membranes, are structurally and functionally a diverse class of metabolites, and play diverse and important roles in biological system 15 . Lipidomics has emerged as a crucial component in the broader push to arrive at an integrated picture of the role of genes, proteins, and metabolites that fully describes cellular function 16, 17 . Alcohol abuse and alcoholism lead to ALD that is one of the most important public health problems worldwide. We previously showed that scoparone exhibited hepatoprotective action, yet the cellular lipid mechanisms of scoparone against the ALD are not well understood. In order to address the ethanol-mediated alterations in the cellular lipid profile, to elucidate the corresponding pattern, and to further reveal the underlying mechanisms as well as intracellular lipid alterations of scoparone against ethanol-induced primary hepatocytes, we performed a untargeted lipidomics investigation using the primary hepatocytes as a model system. To obtain the information about lipid variations underlying the treatment of scoparone, we simultaneously analyzed the intracellular lipidome in primary hepatocytes.
Owing to the high sensitivity and resolution for characterization of intact lipid species, LC-MS (ESI) can provide the most comprehensive and informative data set for cellular lipidome studies 18 . Examining the lipidome to assess drug candidates, we firstly conducted a comprehensive investigation on scoparone against ethanol-induced intracellular lipid changes in primary hepatocytes using LC-MS based untargeted lipidomics approach. From PCA scores plot, it suggested that cells displayed distinct metabolic characteristics under ethanol treatment. A total of 10 significantly changed lipids which are linked to ethanol-induced primary hepatocytes were identified in intracellular lipidome. From the PCA score plots, it is clear that it possesses more variation from the model as compared to the other time points and could be due to the fact that the metabolic changes upon exposure to scoparone. Of interest, PCA score plot shows a definitive clustering among the control and scoparone samples. Interestingly, the abundances for the lipids were found to be regulated for treatment with scoparone. were found to be downregulated in ethanol-induced group, whereas the levels in scoparone group were upregulated. These results suggest that scoparone ameliorates the ethanol-mediated injury in primary hepatocytes. Taken together, our data show for the first time how the cell lipids are affected by ethanol-induced states and provide a preliminary insight into the corresponding mechanisms.
Lipidomics represents the global identification and quantitative assessment of the vast array of lipids that play critical roles as mediators in energy homeostasis, membrane structure, and signaling. In this study, UPLC-TOF-MS method was developed for exhaustive lipid fingerprinting of primary hepatocytes samples, in full scan mode, together with imaging supported by TransOmics tool. PCA was used to investigate the global lipidomic alterations and to evaluate the therapeutic effects of scoparone. Identification of ten lipids contributed to the better understanding of the effects of scoparone on lipid metabolism in primary hepatocyte, as represented by significant changes of the identificated lipids. Overall, this work demonstrates the potential of incorporating UPLC-TOF-MS approach into cellular lipidomics research.
Conclusion
In this work, we firstly present a nontargeted lipidomics strategy to determine intracellular lipid alterations of scoparone against ethanol-induced primary hepatocytes. Lipids from exposed cells were ultrasound extracted and analyzed by UPLC-TOF-MS in full scan mode with imaging TransOmics tool. , were found to be downregulated in ethanol-induced group, whereas the levels in scoparone group were upregulated. It showed that scoparone exposure at a low, non-cytotoxic dose can significantly alter metabolism in primary hepatocytes, thus providing the first evidence that scoparone may have biological effects on liver cells at realistic concentrations. The most striking finding was that scoparone caused comprehensive lipid changes, as represented by significant changes of the identificated lipids. 
Materials and Methods
Chemicals. Ultrapure water, used to prepare all the aqueous solutions, was obtained from a Milli-Q system (Milipore, Bedford, MA, USA). Cell culture reagents were purchased from Sigma Chemical (Sigma, USA). Methanol and acetonitrile are chromatography pure (Merck, Germany). Lipid standards with purity > 99% were purchased from Sigma-Aldrich (St Louis, MO). Stock solutions were prepared by dissolving lipid standards in MeOH/CHCl 3 (50:50 v/v) at a concentration of 25 mg/mL and stored at − 20 °C. Working solutions were diluted 10 μ g/mL prior to spiking studies depending on the experiment.
Cell culture and scoparone treatment. Primary hepatocytes were isolated from 6-week-old ICR male mice by two-step collagenase perfusion 19 . The freshly harvested hepatocytes were cultured in DMEM (supplemented with 10% fetal bovine serum, 32 IE/L insulin, 15 mM HEPES, 0.1 μ M hydrocortisone, 100 U/mL penicillin and 100 U/mL streptomycin) in an incubator at 37 °C with 5% CO 2 . Cells were seeded in 24 wells-plates adding per well 1 mL cell suspension containing 1 × 10 5 cells/mL medium. We used 200 mM ethanol and 24 h exposure time as described previously. After 24 h, the medium was renewed and supplemented with ethanol (200 mM) for the following 24 h culture without serum (model group). After 24 h, the medium was refreshed, and scoparone group dissolved in DMSO were added at a final concentration of 1.8 μ g/mL for 24 h and the final concentration of the solvent carrier DMSO was 0.1%, or an equal volume of DMSO as a control group. All cells were maintained in a 37 °C incubator with 5% CO 2 . After 24 h of exposure, the cells were washed with cold PBS 3 times, then stored at − 80 °C until the lipid-extraction step. And then, the cells and supernatant were collected for various bioassays according to the corresponding experimental protocol. Cell viability was over 90% (trypan blue exclusion test) under these conditions. Lipid extraction. Extraction of lipids was performed to extract a broad lipidtype spectrum using a modified Folch method, as previously described 20 . The ultrasound frequency and power were 40 kHz and 20 W for 3 min, respectively, and temperature and time conditions were controlled for each analysis. The lipid extracts contained in the upper phase were collected and poured into an autosampler vial. The supernatants were then centrifuged at 4 °C for 10 min at 13,000 g. The broad lipid profile was determined.
Liquid Chromatography Mass spectrometry Analysis (LC-MS). LC-MS analysis was performed on a
hybrid UPLC-MS consisting of a pump and autosampler equipped with an ACQUITY BEH C 18 chromatography column with 0.17-μ m stationary phase. The column temperature was maintained at 45 °C, and then gradient mobile phase was composed of phase A (acetonitrile containing 0.1% formic acid) and phase B (water with 0.1% formic acid). The following gradient was applied: 0-1 min, 1-55 % A; 1-5 min, 55-100 % A; 5-7 min, 100 % A isocratic; 7-7.5 min, 100-1 % A; 7.5-10 min, 1 % A isocratic. The injection volume was 2 μ L and flow rate was 0.4 mL/min. A quality control (QC) sample was prepared by mixing 10 μ L of each ample ready for injection. This QC sample is considered to be a representative sample containing all analytes that was therefore applied to condition the column before analysis. All samples were maintained at 4 °C during the analysis.
All MS spectra of the cell extracts were acquired on MS spectrometer (Waters Corp., Milford, USA) equipped with an electrospray ionization source that operates in positive ionization mode (ESI + ) and negative ionization mode (ESI − ) at 50-2000 m/z in the full scan mode. Nitrogen was used as the drying and collision gas. All the source and analyser parameters were optimized using MassLynx Optimizer software (Waters Corp., Milford, USA), respectively. The source parameters are as follows: capillary voltage 3000 V, cone voltage 20 V, desolvation temperature 350 °C, source temperature 110 °C, desolvation gas flow 600 L/h, and cone gas flow 50 L/h. Leucine enkaphalin was used as the reference compound at a concentration of 0.2 ng/mL under a flow rate of 100 μ L·min for data processing was used considering inclusion criteria compatible with analytical performance obtained (mass accuracy, precision, and retention time reproducibility). This procedure allowed peak picking, deconvolution, alignment, and data reduction to give a table of mass and retention time pairs with associated relative intensities for all the detected peaks. The normalized data were used for multivariate analysis, and the model was constructed using the unsupervised principal components analysis (PCA) and supervised partial latent structures-discriminant analysis (PLS-DA), orthogonal projection to latent structure-discriminant analysis (OPLS-DA) by EZinfo software (Waters Corp., Milford, USA). The combining VIP-plot (> 2) from the OPLS analysis were carried out to select distinct variables as potential markers. Lipid identification and annotation were based on a combination of database query using exact mass measurement (mass error < 5 ppm) and MS/MS pattern measured by Q-TOF platform. The databases used were Metlin, LIPID MAPS and Human Metabolome databases.
